Circadian clocks regulate homeostasis and mediate responses to stressors. Lactation is one of the most energetically demanding periods of an adult female's life. Peripartum changes occur in almost every organ so the dam can support neonatal growth through milk production while homeostasis is maintained. How circadian clocks are involved in adaptation to lactation is currently unknown. The abundance and temporal pattern of core clock genes' expression were measured in suprachiasmatic nucleus, liver, and mammary from late pregnant and early lactation mice. Tissue-specific changes in molecular clocks occurred between physiological states. Amplitude and robustness of rhythms increased in suprachiasmatic nucleus and liver. Mammary rhythms of core molecular clock genes were suppressed. Attenuated rhythms appeared to be a physiological adaptation of mammary to lactation, because manipulation of timing of suckling resulting in significant differences in plasma prolactin and corticosterone had no effect on amplitude. Analysis of core clock proteins revealed that the stoichiometric relationship between positive (CLOCK) and negative (PER2) components remained 1:1 in liver but was increased to 4:1 in mammary during physiological transition. Induction of differentiation of mammary epithelial cell line HC11 with dexamethasone, insulin, and prolactin resulted in similar stoichiometric changes among positive and negative clock regulators, and prolactin induced phase shifts in HC11 Arntl expression rhythm. Data support that distinct mechanisms drive periparturient changes in mammary clock. Stoichiometric change in clock regulators occurs with gland differentiation. Suppression of mammary clock gene expression rhythms represents a physiological adaptation to suckling cues. Adaptations in mammary clock are likely needed in part to support suckling demands of neonates.
INTRODUCTION
Lactation is one of the most energetically demanding physiological states of an adult female's life. During lactation the nutrient requirements of the mammary gland often exceed those of the rest of the body [1] [2] [3] . Mammals have three strategies to meet the energetic demands of lactation: increased appetite, increased metabolic efficiency, and increased use of nutrient reserves (e.g., stored lipids). Most mammals use all three strategies to varying extents. For example, studies with rodents showed dam feed intake increased with increasing litter size [1] . However, increased food intake alone often cannot accommodate for the energetic demands of milk production, and lactating rodents usually experience a period of negative energy balance [1] . The negative energy balance of lactating dams is believed to be a strategy for increasing metabolic efficiency. Adaptions to undernutrition include decreasing basal metabolic rate, increasing brown adipose tissue thermogenesis, and increasing anabolic activity in adipose and skeletal muscle, which in turn lead to lower nutrient requirements and the partitioning of nutrients to essential functions. These very same adaptations are observed in lactating dams and result in increased metabolic efficiency and preferential partitioning of nutrients to the mammary gland to support litter growth through milk production [1] . Dramatic changes in circulating levels of reproductive and metabolic hormones occur during the transition from pregnancy to lactation [4] [5] [6] [7] [8] and stimulate, in part, these metabolic adaptations in the dam [9] [10] [11] . Our recent studies showed expression of circadian clock genes changed in multiple tissues during the periparturient period, and this led us to hypothesize that the circadian system also regulates the physiological changes that occur in the dam to support lactation [12] [13] [14] [15] .
Virtually all aspects of mammalian physiology are controlled by the circadian system, which evolved to anticipate and adapt to daily changes in the environment [16] . This endogenous timing system comprises the central circadian clock, located in the suprachiasmatic nucleus (SCN) of the hypothalamus, and peripheral clocks, which are found in all organs, including the mammary gland. Together, clocks control rhythmic patterns of expression of a large number of genes, which translates into corresponding rhythmicity of metabolic and physiological processes. Being intrinsically generated and sustained, these rhythms can respond to various metabolic cues from light, sleep, activity, and nutrient intake to ensure optimal synchronization of an organism to its environment [17] .
In all types of mammalian cells, the molecular mechanism underlying circadian clock function is based on a transcriptiontranslation feedback loop. At the core of this loop are two transcription factors, CLOCK (or its ortholog NPAS2) and ARNTL (aka BMAL1), which in the form of a heterodimer drive rhythmic expression of numerous output genes either directly via binding E-box regulatory elements in promoter regions, or indirectly by other transcription factors whose expression is under clock control [18] . Among transcriptional targets of this complex are Period (Per1, Per2, and Per3) and Cryptochrome (Cry1 and Cry2) genes, whose products function as negative regulators of CLOCK-ARNTL-mediated transcription. The 24-h periodicity in complex activationrepression results in corresponding circadian oscillation in as much as 10% of the mammalian transcriptome, which translates into daily variations in cellular, metabolic and physiological functions [19] . Importantly, tissue-specific clock-controlled genes were revealed to be involved in ratelimiting steps critical for organ function. For example, in the liver, molecules involved in metabolism of carbohydrate, lipid, and cholesterol show circadian rhythms of expression [19] [20] [21] .
In the human, 7% of the genes expressed in the lactating breast exhibit circadian rhythms, including steady-state mRNA levels of core clock and metabolic genes [22] . In rodents, phase and amplitude of core clock gene expression rhythms are different among mammary glands from virgin and lactating mice, and thus support a role for these genes in mammary gland development and differentiation [23] . Our previous studies revealed that changes in core molecular clock genes occurred across multiple tissues during the transition from pregnancy to lactation [15, 23] . Further, offspring of mice with functional deficiency of core circadian protein CLOCK (Clock-D19 mutants) failed to thrive, suggesting that circadian disruption affects the dam's milk production, which may not be adequate enough to nourish her young [24] . The effect of the circadian clock on lactation may also be inferred by the diurnal variation in the composition of milk [25] [26] [27] and the photoperiod effect on ruminant milk production [28] [29] [30] . Together, these findings support the concept that the circadian system is involved in regulation of coordinated changes in metabolism and hormones needed to support lactation; however, how the physiological transition from pregnancy to lactation affects circadian function and how changes in molecular clocks may exert their mutual effect on physiology are still unknown.
Here, we measure the effect of change from late pregnancy to early lactation on expression rhythms of core clock genes in the SCN, liver, and mammary of mouse dams. Abundance of core clock proteins was also measured in liver and mammary to analyze the effect of change in physiological state on stoichiometric relationships. The effect of state of differentiation and lactogen hormones on mammary clock was further analyzed using the mouse mammary epithelial cell line HC11.
MATERIALS AND METHODS

Animals
All animal work was performed in the Roswell Park Cancer Institute vivarium with Institutional Animal Care and Use Committee approval and in accordance with the Society for the Study of Reproduction's specific guidelines and standards. C57BL/6J wild-type male and female mice were obtained from the Jackson Laboratories. Animals were given free access to food and water and maintained on a 12L:12D cycle. Mice were mated on a 1:1 female:male ratio and females were checked daily for vaginal plugs (Pregnancy Day 1). For experiment 1, tissue was collected on Pregnancy Days 16-17 (n ¼ 18) and on Lactation Day 3 (;66-86 h postpartum; n ¼ 18). On Lactation Day 1 litter size was normalized to n ¼ 6 pups per dam. On Lactation Day 3, pups were removed from lactating dams 4 h before tissue collection. This timing was chosen to diminish suckling-associated hormonal surges and enable the capture of circadian rhythms of plasma hormone levels. For experiment 2, tissue was collected from two groups (n ¼ 18 per group) of dams on Lactation Day 3. For dams in the first group, pups were removed 30 min prior to tissue collection; in the second group pups were removed 4 h prior to tissue collection.
Tissue Collection
Blood, SCN, liver, and mammary tissue samples were collected from three dams in each treatment group every 4 h starting at Zeitgeber Time 0, time of lights-on (ZT0). Dams were anesthetized with 5% isoflurane with 1 L/min O 2 . Blood was collected via retro-orbital bleed into lithium heparin tubes (BD Microtainer). Mice were euthanized by cervical dislocation, head was removed, and SCN was grossly dissected using a dissecting scope, placed in a drop of Trizol Reagent (Invitrogen), frozen on dry ice, and submerged in liquid nitrogen. Liver and both mammary no. 4 glands were removed and submerged in liquid nitrogen. The number of fetuses and pups were counted and recorded. Tissue samples were stored at À808C until RNA isolation. Plasma was prepared by transferring blood into lithium heparin plasma separator tubes (BD Microtainer) and centrifuging at 3000 3 g at 258C for 15 min. Plasma was stored at À208C until analysis.
Plasma Hormone and Metabolite Analysis
Commercially available enzyme immunoassay kits were used to measure plasma prolactin (Calbiotech) and corticosterone (ALPCO) levels, following the manufacturer's directions. Commercially available kits were also used to measure glucose (505 nm; Wako Autokit) and triglyceride (540 nm; catalog no. STG-1-NC; ZenBio) levels. All analysis was performed using the MRX Revelation Absorbance Reader (405-to 850-nm wavelength range; Dynex).
Isolation of Total RNA and Quantitative PCR Analysis
Total RNA was extracted from frozen mammary, SCN, and liver tissue using Trizol Reagent and purified using the Qiagen RNeasy lipid kit following the manufacturer's protocols. Quantity and quality of the RNA were assessed with the Nanodrop ND-1000 UV-Vis Spectrophotometer (Nanodrop Technologies).
Reverse-transcriptase-quantitative PCR (RT-q-PCR) analysis was performed with total RNA using the ABI Prism 7700 and TaqMan EZ RT-PCR core reagent kit (Applied Biosystems) with premade mouse-specific TaqMan Gene Expression Assays for:
, and 18S rRNA (Mm03928990_g1), which was used as the reference gene. Relative gene expression (RQ) was calculated using the DDCt method as previously described [31] .
Cell Culture and Bioluminescence Real-Time Recording HC11 cells were cultured at 378C with 5% CO 2 in complete RPMI 1640 medium supplemented with 2 g/L sodium bicarbonate, 100 U/ml penicillin-100 lg/ml streptomycin, 10% fetal bovine serum, 5 lg/ml insulin (Sigma), and 10 ng/ml epidermal growth factor (Invitrogen) [32, 33] . Lentivirus expressing Arntl-luc (generously provided by Dr. S. Kay, University of Southern California) was generated using Invitrogen ViraPower HiPerform Promoterless Gateway Expression System according to the manufacturer's protocol and as described previously [34] . HC11 cells were plated on 24-well plates at 50% confluence. Viral stocks were added at 1:10 dilution (final concentration in the media) for 3 days, after which media was replaced with fresh media containing 3 lg/ml Blasticidin (Invitrogen). After 2 wk of selection, individual clones were picked up and tested for luciferase expression. Clones with the highest luciferase signal per milligram of protein were used for further analysis (further referred to as HC11-Arntl-luc).
To induce differentiation, HC11 cells were grown to confluence and were then cultured for 48 h in prehormone media (RPMI 1640 medium supplemented with 2 g/L sodium bicarbonate, 100 U/ml penicillin-100 lg/ml streptomycin, 10% fetal bovine serum, and 5 lg/ml insulin), followed by 72-h treatment with 40 ng/ml dexamethasone, 5 lg/ml insulin, and 2 lg/ml ovine prolactin (DIP; differentiated cultures). Real-time luciferase recording was performed using Lumicycle (Actimetrics). Cells were plated on a 35-mm dish at 4 3 10 5 cells per plate in recording media (Dulbecco modified Eagle medium without phenol red and supplemented with 0.35 g/L sodium bicarbonate; 5% fetal bovine serum; 10 mM HEPES, pH 7.2; 3.5 g/L D-glucose; 100 U/ml penicillin-100 lg/ml streptomycin; and 0.1 mM Beetle Luciferin (Promega) as described previously [35] ) and bioluminescence was recorded continuously for 5-7 days. Data represent average luminescence signal recorded from four individual plates.
To evaluate the effect of prolactin on mammary clock, it was added directly to the recording media (2 lg/ml final concentration) every 4 h during the 3-day circadian cycle, and the luminescence pattern was recorded for another 3-4 days. Data were analyzed by Actimetrics software and presented as photon CASEY ET AL. counts per second. Baseline correction was calculated using a 24-h average. Prolactin-induced phase shifts were plotted with reference to circadian time; peak of Arntl-luc expression was set as CT12.
To determine the effect of transient (2-h treatment) versus continuous exposure to DIP on temporal patterns of core clock gene expression, HC11 cultures were grown to confluence. Media were changed to prehormone media and cultured for 48 h. Following prehormone treatment, cultures were exposed to media supplemented with DIP. After 2-h DIP treatment (shock), media were replaced in transient treatment with prehormone media or media supplemented with DIP in cultures with continuous exposure to lactogens. The completion of the 2-h transient exposure (shock) was designated as time zero in both treatments. Total RNA was isolated from the cells in each treatment condition every 4 h for 44 h total beginning at time 0 (i.e., 0, 4, 8, etc.) using a Qiagen RNeasy Mini Kit (catalog no. 74104). For q-PCR analysis of gene expression in cell culture experiments, the sequential reverse transcription and quantitative PCR steps were performed on a StepOnePlus Real-Time PCR System (Life Technologies Corp.) using the manufacturer's recommended cycling conditions. Cell culture experiments were repeated at least three times, with two technical replicates in each experiment.
Immunocytochemistry and Western Blotting
Cell cultures grown on tissue culture 35-mm plastic Petri dishes (Falcon) were fixed with 4% formaldehyde in PBS for 10 min at room temperature and washed three times with PBS. Nonspecific antibody binding was blocked by incubation with block solution (5% normal donkey serum and 0.2% Triton X-100 in PBS). Cells were then incubated with mouse monoclonal antibody against E-cadherin (diluted 1:100 in block solution; catalog no. C20820; Transduction Laboratories) for 30 min at room temperature, washed three times with PBS, and stained 30 min at room temperature with donkey anti-mouse Cy3-conjugated antibody (dilution 1:500 in block solution; Jackson ImmunoResearch). Cultures were mounted in ProLong Gold antifade reagent with 4 0 ,6-diamidino-2-phenylindole (Invitrogen). Images were acquired using an AxioImager Z1 (Carl Zeiss) fluorescent microscope equipped with an AxioCam MRm CCD digital camera and AxioVision software (rel. 4.6.3).
For Western blotting, proteins were isolated from cell culture or mouse tissues by homogenization in ice-cold RIPA buffer (150 mM NaCl; 50 mM Tris-HCl, pH 8.0; 0.5% Na-Dox; and 0.1% SDS) and proteinase cocktail (Sigma), resolved by SDS-PAGE, transferred to nitrocellulose membrane, and probed with specific antibodies. Anti-CLOCK and anti-ARNTL were described previously [36] . Antibodies against PER2 were purchased from KeraFAST, antibody against tubulin was obtained from Sigma, and antibodies against betacasein were obtained from Santa Cruz Biotechnology. Transferred proteins were visualized with the ECL detection kit (Jackson Research Laboratories). Protein quantitation analysis was performed using ImageJ software.
Statistical Analysis
Statistical analysis was performed using SPSS software. Two-way analysis of variance (ANOVA) was used to estimate the statistical significance of the effects of time and physiological state (late pregnancy and lactation) on dependent variables (i.e., hormone and gene expression levels). A Tukey test was used for posthoc pairwise comparisons. Statistical significance of circadian rhythm detection, phase, and the amplitude of rhythms, was determined using raw data with the CircWave v1.4 software using a linear harmonic regression fit [37] . Student t-test was used to analyze differences in mammary protein expression between physiological states (i.e., pregnant and lactating) or differentiated states of HC11 cells. Results were reported as mean 6 SEM.
RESULTS
Increase in SCN Per2 mRNA Expression and Plasma Hormone Circadian Rhythms in Dams During the Periparturient Period
To evaluate whether changes in the expression of circadian genes occurred in the central and peripheral clocks between pregnancy and lactation, we measured relative abundance of several clock genes in the SCN (master circadian regulator), liver (major metabolic organ), and mammary gland (synthesizes milk). Consistent with previous reports [38] , analysis of Per2 expression rhythm in SCN showed prominent daily variations, with levels at ZT6 significantly higher than those at ZT18 (P , 0.05). In lactating dams, Per2 levels were significantly greater than in pregnant dams at both time points tested (Fig. 1A) . Changes in SCN Per2 levels coincided with an increase in plasma corticosterone rhythm amplitude from late pregnancy to Lactation Day 3 (Fig. 1B) , with basal corticosterone levels (average across all time points) of lactating dams (107.4 6 30.4 ng/ml) significantly greater (P , 0.05) than pregnant (76.7 6 22.7 ng/ ml) dams. Together, these findings support that the metabolic output of the SCN during lactation may be increased and affect peripheral clock function. 
CHANGES IN CLOCKS BETWEEN PREGNANCY AND LACTATION
Tissue-Specific Changes in Clock Genes Expression During the Transition from Pregnancy to Lactation
To test whether the transition from pregnancy to lactation affects peripheral clocks we measured steady-state mRNA levels of six core circadian genes in liver and mammary tissue samples collected from late pregnant and early lactation mice over a 24-h period. Two-way ANOVA showed that time had significant impacts on expression of all six core circadian clock genes measured in liver (Fig. 2) . Statistical analysis also revealed that the temporal expression profiles of all hepatic clock genes tested showed robust circadian oscillation in both physiological states (P , 0.0001). Hepatic expression profiles of Arntl, Clock, and Per1 were indistinguishable between pregnant and lactating females in their phase (time of peak expression) and amplitude (difference between peak and mean of expression). However, temporal liver expression of Per2, Cry1, and Cry2 displayed differences between physiological states. Differences included a 4 h shift in phase of expression of Per2 and Cry2 (the phase shift in Cry1 was not statistically significant) and a significant increase in the amplitude of expression of Per2 and Cry1 (2.5-and 1.7-fold, respectively). The overall trend of these changes suggests that during the transition from pregnancy to lactation the robustness of hepatic clock may be increased.
Both the level and temporal pattern of expression of the clock genes in the mammary were dramatically affected by physiological state (Fig. 3) . Expression levels of all core clock genes were significantly decreased in the mammary of lactating versus pregnant females. Interestingly, for some genes (Arntl and Per1) reduction was accompanied by a shift from circadian (24-h period) to ultradian (12-h period) rhythmicity, with two daily peaks occurring at ZT4 and ZT20 (as determined by cosine fit analysis). In addition, the amplitude of Per2 expression was reduced by 2-fold (P , 0.01; Fig. 3 ). Similar to liver, expression of Per2 and Cry1 was shifted in phase between late pregnancy and early lactation. These findings indicate that the transition from pregnancy to lactation affects peripheral clocks in a highly tissue-specific manner, and that robustness of rhythmicity may be increased (as seen in liver) or diminished and even replaced with 12-h ultradian periodicity (as seen in mammary gland).
Because in this experiment pups were removed 4 h before tissue collection, it was possible that lower levels of core clock genes' expression in lactating versus pregnant animals was due to lower concentrations of plasma prolactin and/or factors released during periods of milk stasis that would regulate the mammary clock locally. To test this hypothesis, we collected mammary tissues from dams at different times of the day at either 4 h or 30 min after removing pups, and we compared levels of expression of core circadian genes. Plasma levels of 
and Cry2 (df ¼ 5, F ¼ 14, P , 0.001). Significant effect of physiological state (pregnant vs. lactating females) and significant interaction of time and physiological state were detected for Clock (df ¼ 1, F ¼ 6, P ¼ 0.02; and df ¼ 5; F ¼ 3, P , 0.05, respectively); Per2 (df ¼ 1, F ¼ 35, P , 0.001; and df ¼ 5, F ¼ 5, P ¼ 0.003, respectively); Cry1 (df ¼ 1, F ¼ 22, P , 0.001; and df ¼ 5, F ¼ 5, P ¼ 0.003, respectively); and Cry2 (df ¼ 1, F ¼ 8, P , 0.01; and df ¼ 5, F ¼ 4, P ¼ 0.013, respectively). *P , 0.05.
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prolactin were also compared between dams. Basal plasma levels (mean across all time points) of prolactin were significantly higher (P , 0.05) in dams that had pups with them up to 30 min (28.6 6 5.8 ng/ml) before tissue collection compared with dams that had pups removed 4 h earlier (14.9 6 3.4 ng/ml; Fig. 4A ). Consistent with the suckling stimulus [39] [40] [41] , plasma levels of corticosterone were also significantly greater in dams with which pups remained up until 30 min prior to tissue collection (data not shown). However, there were no differences in basal levels or circadian rhythms of Per2 (Fig.  4B) or other tested clock genes (Supplemental Fig. S1 ; available online at www.biolreprod.org). Thus, independent of timing of pup removal, all lactating groups showed a consistent attenuation of circadian core clock genes' rhythm in mammary glands.
Temporal Analysis of Plasma Metabolites and Metabolic Genes That Impact Milk Synthesis
Previous studies have established that milk composition (i.e., fat, protein, and lactose content) shows circadian variation [25, 27, 42, 43] . Synthesis of milk components in the mammary gland is regulated by hormones and substrate availability, with liver generating a portion of the latter. Basal levels (mean across all time points) of hepatic expression of Srebf1 and Acaca, which encode a transcription factor and an enzyme that regulates fatty acid synthesis, respectively, increased 1.6-and 5-fold from late pregnancy to Lactation Day 3 (P , 0.001). Temporal analysis revealed circadian oscillation of Acaca expression and an ultradian pattern of Srebf1 expression in liver tissue of lactating mice (Fig. 5) .
In mammary tissue, basal expression level of Srebf1 was not different between glands from late pregnant and early lactation mice (data not shown). Temporal analysis showed 12-h ultradian periodicity of Srebf1 in the mammary glands of lactating mice (Fig. 5) , with one-way ANOVA showing a significant impact of time (P , 0.01). Fasn, which encodes fatty acid synthase enzyme, increased 1.5-fold from late pregnancy to Lactation Day 3 (P , 0.001), and exhibited circadian oscillation in lactating mice, with a 2.4-fold difference in peak (ZT20) and trough (ZT4) of expression (Fig. 5) . Basal expression levels of the milk protein genes betacasein (Csn2) and alpha-lactalbumin (Lalba) increased significantly in mammary from late pregnancy to Lactation Day 3 (data not shown). Csn2 showed no temporal change in expression level across the day (data not shown). However, Lalba exhibited a 1.6-fold change in expression between peak (ZT4) and trough (ZT16) levels, with Lalba rhythm in the opposite phase from Fasn rhythm.
Although one-way ANOVA showed no significant impact of time on plasma metabolites in lactating dams, plasma glucose levels exhibited circadian oscillation, with peak levels evident during the light phase (ZT4) and trough occurring in the dark phase (ZT16). Triglyceride plasma levels were 
genes. *P , 0.05.
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biphasic across the day, with two peaks at ZT4 and ZT16 (Fig.  5) .
Transition from Pregnancy to Lactation Changes Stoichiometric Relationship among Clock Proteins in Mammary Gland
To gain insight into whether variations in clock genes' mRNA expression between the two physiological states reflect tissue-specific characteristics of molecular oscillator, we measured abundance of the corresponding proteins. Of six proteins tested, two-PER2 and CLOCK-demonstrated prominent changes in both tissues. Similar to mRNA expression, PER2 protein abundance exhibited circadian rhythms in both tissues in both states, and level of PER2 protein was higher in liver (Fig. 6, A and B) and lower in mammary glands (Fig. 6, C and D) from lactating versus pregnant animals. Interestingly, expression of CLOCK protein did not follow its mRNA profile in either tissue. CLOCK was decreased in livers and increased in mammary glands of lactating versus pregnant dams (Fig. 6, C, D, and F) . Importantly, abundance of ARNTL, which heterodimerizes with CLOCK to form a transcription factor, also increased significantly in mammary gland during transition from pregnancy to lactation (Fig. 6, D and F) . Quantitative analysis showed that in the liver, the stoichiometric relationship between CLOCK and PER2 did not change between physiological states and was 1:1 in both pregnant and lactating females. However, the stoichiometry of positive (CLOCK) and negative (PER2) components of the mammary clock underwent prominent changes during the transition from pregnancy to lactation, with the ratio of CLOCK to PER2 4-fold higher in lactating versus pregnant glands (Fig. 6G) . Thus, diminished amplitude of mammary clock genes' expression occurred coincidently with changes in the stoichiometric relationship of positive and negative regulators during the transition from late pregnancy to lactation.
Regulatory Effects of Lactogens on Mammary Clock In Vitro
During the transition from pregnancy to lactation, mammary epithelial cells undergo the final steps of differentiation and suckling is established by neonates. Previous studies showed that expression rhythms of core molecular clock genes change significantly among the different stages of mammary development [23] . To gain insight into whether changes in mammary clock were related to changes in the state of mammary epithelial differentiation and/or hormonal regulation of mammary clock, we used the mouse mammary epithelial cell line, HC11. HC11 cells are widely used as an in vitro model of mammary epithelial differentiation, because treatment with lactogenic hormones, dexamethasone, insulin, and prolactin (DIP) results in the induction of milk protein gene expression [32, 33, 44] , and others have previously reported changes in core clock genes' expression upon DIP-induced HC11 differentiation [23] .
In our study, treatment of HC11 cells for 72 h with DIP increased lateral membrane staining with antibodies against Ecadherin (a marker of epithelial differentiation; Fig. 7A [45] ) and induced beta-casein protein expression (Fig. 7B) . DIPinduced HC11 cell differentiation also increased CLOCK and ARNTL protein abundance (Fig. 7 , C and D, respectively) but decreased PER2 protein abundance (Fig. 7E) , resulting in 3-and 5-fold increases in CLOCK:PER2 and ARNTL:PER2 ratios, respectively. Together, these data demonstrate that similar to mammary in vivo, stoichiometric changes among positive to negative clock regulators occur with change in state of differentiation of epithelial cells.
Previous work using in vitro model systems showed that a significant simultaneous decrease in negative regulators and increase in positive clock regulators leads to a decrease in the   FIG. 4 . Attenuation of mammary clock appears to be a physiological response to lactation. A) Basal prolactin levels (mean across the day) in lactating dams from which litters were removed 30 min (suckling) or 4 h (nonsuckling) prior to tissue collection. Effect of treatment (suckling vs. nonsuckling) was determined using t-test (*P , 0.05). B) Per2 mRNA expression in mammary tissue in pregnant (filled squares, solid line) and lactating (dashed line) dams that had litters removed 4 h (closed circles) and 30 min (open circles) prior to tissue collection. Relative mRNA abundance was measured using q-PCR. White rectangle indicates the light phase and black rectangle indicates the dark phase of a 12L:12D cycle. Values are mean 6 SEM; two-way ANOVA revealed that physiological state (i.e., pregnant vs. lactating; had a significant effect; P , 0.05), but there was no effect of lactation treatment (suckling vs. nonsuckling; not different) on relative gene expression levels.
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amplitude of cycling [46] . To test this paradigm we generated a reporter HC11 cell line stably expressing firefly luciferase under the control of Arntl promoter and recorded real-time Arntl-driven luciferase expression in undifferentiated HC11 and DIP-differentiated HC11 cells. Undifferentiated HC11 cells showed robust low-amplitude oscillation that was sustained for a period of 5 days following refreshing of media (Fig. 8A) . Differentiation of HC11 cells increased amplitude of Arntl-driven luciferase cycling almost 4-fold (P , 0.01; Student t-test), but period (24.4 6 0.77 h) was not changed (Fig. 8A ). These data demonstrate that the change in stoichiometric relationship among positive (CLOCK-ARNTL) and negative (PER2) clock regulators measured in vivo is not likely mediating the attenuation of mammary clock that occurred between late pregnancy and lactation.
Temporal analysis of core clock gene expression rhythm was also measured with q-PCR to investigate the effects of transient (2-h DIP treatment) versus continuous exposure to lactogens on the mammary clock (Fig. 8, B-F) . Time and treatment (transient vs. continuous exposure to DIP) had significant effects (P , 0.001) on expression of all genes. Arntl expression in cultures with either transient or continuous exposure to DIP showed circadian oscillation with a period length similar to real-time recording of Arntl-luc reporter construct expression. However, amplitude of Arntl expression was greater with continuous versus transient exposure to lactogens (Fig. 8B) . Interestingly, although Per1 and Per2 expression showed circadian rhythms in transient DIP-treated cultures, when HC11 cells were exposed to continuous high levels of lactogens Per1 and Per2 exhibited ultradian patterns of expression (Fig. 8, D and E) . With continuous exposure to DIP, amplitudes of Per1, Per2, and Cry1 expression were attenuated relative to lactogen shock cultures. These data confirm Arntl-luc reporter construct findings and suggest that lactation-associated changes in the hormonal milieu may be affecting molecular clock dynamics. 
CHANGES IN CLOCKS BETWEEN PREGNANCY AND LACTATION
To explore the regulatory effect of individual hormones on the mammary clock, undifferentiated HC11-Arntl-luc cells were treated with each lactogen separately. Consistent with its effect on other cell types, addition of dexamethasone increased amplitude and lengthened period (Fig. 9A) . Insulin had no effect on Arntl-luc oscillation (Fig. 9B) . However, treatment of HC11 cells with prolactin resulted in a significant increase in the amplitude and robustness of oscillation (Fig. 9C) . The changes were detected as early as 12 h after treatment, suggesting prolactin acts on the molecular clock directly.
Glucocorticoids and prolactin are suckling-induced hormones, and based on these findings we hypothesized that they function as resetting signals for the mammalian clock. Previous studies have demonstrated potent effects of glucocorticoids on molecular clocks. Thus, we set out to determine the effects of prolactin on mammalian clock by adding it to HC11-Arntl-luc cells at different phases of the third cycle and estimated its effect on circadian period, amplitude, and phase. The addition of prolactin had no effect on period length but did induce bidirectional phase shifts, which depended on the phase at which it was administered. This allowed building of a classical phase-response curve (PRC; Fig. 9D ), which demonstrated significant phase advances (up to 12-15 h) and shorter delays (no longer than 8 h). The PRC also revealed a ''dead-zone'' (around CT12), at which no shift occurred. Together these data indicate that the suckling-induced hormones prolactin and corticosterone can directly affect the mammary clock.
DISCUSSION
The circadian system functions to optimize organismal adaptation and survival by temporally organizing physiological processes using environmental and metabolic cues [47] . In reproducing females (i.e., pregnant and lactating) the survival of offspring becomes a priority, and changes in circadian rhythms in behavior and physiology through reproductive states of estrous cycle, pregnancy, and lactation likely reflect responses to these demands. For example, studies with laboratory animals showed phase of body temperature rhythm was advanced and amplitude decreased to compensate for increases in the daily temperature minimum during pregnancy [48] . Further, to compensate for the increased need for sleep in early pregnancy, sleep patterns are also altered in rodents at the level of molecular clocks [49, 50] . During lactation the dam's circadian system and the multitude of clocks that make up the system must not only be responsive to increased metabolic demands of milk production, but also the metabolic and behavioral cues initiated by the neonate.
Numerous physiological and behavioral adaptations occur in the dam so she can meet the nutritional demands of her pups, including increased absorptive capacity of the gut and metabolic capacity of the liver [51] , as well as dramatic increases in food intake and meal pattern changes [8, 52] . These behavioral and physiological adaptations to lactation are associated with changes in the neuropeptides implicated in the control of food intake and metabolism [52, 53] , many of which are also known to function as inputs to the central clock [54, 55] . Our data show that the transition from late pregnancy to lactation is associated with changes in both central (SCN) and peripheral (liver and mammary gland) clocks, and that these changes occur in a tissue-specific manner. The increase in Per2 mRNA expression in the SCN of lactating dams demonstrated here supports the hypothesis that changes in the master clock in the SCN occur during transitions in reproductive states and may result in coordinated changes in tissue-specific metabolism needed to support milk production.
Changes in liver function and capacity are particularly critical to the dam's ability to meet the energetic demands of offspring during pregnancy and lactation, and include increased rates of hepatic gluconeogenesis, lipogenesis, and mineral mobilization [51, [56] [57] [58] . The increase in hepatic lipogenesis during the transition from pregnancy to lactation is reflected in the 5-fold increase in Acaca expression measured in our study. The increase in the amplitude of core clock genes (particularly of Per2) in the liver of lactating females relative to late pregnant females suggests that the overall strength of the clock is increased accordingly [59] . Interestingly, there was also a phase shift in liver Per2 and Cry1 rhythms during the transition from pregnancy to lactation (Fig. 2) . The change detected in Per2 phase may impact circadian clock output, because phasing of Per/Cry expression has been proposed to be a mechanism for changes in energy balance in other species [60] [61] [62] . An abundance of PER2 and CLOCK proteins were found to also change in liver, and thus further support that changes in molecular clock regulation occur during the transition from pregnancy to lactation. However, the ratio of positive (CLOCK) to negative (PER2) molecular clock regulators was maintained at 1:1 in both pregnant and lactating dams, reflecting the maintenance of hepatic clock robustness during the transition in physiological state [46] , as well as temporal synchronization with the SCN.
The majority of mammary development occurs postnatally, with commitment to development of milk producing lobuloalveolar structures occurring only after initiation of pregnancy. 
CHANGES IN CLOCKS BETWEEN PREGNANCY AND LACTATION
Around the time of parturition the mammary gland becomes terminally differentiated and epithelial cells undergo secretory activation [63, 64] . Once lactation is established, milk production is maintained through the continued suckling of neonates [65] [66] [67] . Postpartum Day 3 is early lactation in rodents, and pups are completely dependent on the dam's milk supply for survival. Peak lactation in rodents occurs around Postpartum Day 10 [68] , after which milk production decreases, as pups begin to transition to eating solid food. Cessation of milk production and involution of the gland begin at weaning, which occurs naturally around Postpartum Day 21. Both terminal differentiation of the mammary gland and maintenance of lactation are driven (primarily) by hormones. Our analysis of changes in core clock genes' circadian rhythms showed that the mammary clock was significantly suppressed in glands from lactating versus late pregnant dams. During this same time course, which encompassed terminal differentiation of mammary epithelial cells and establishment of neonatal suckling, a significant decrease in abundance of a negative (PER2) regulator and an increase in positive (CLOCK-ARNTL) clock regulators occurred.
Dynamic changes occur not only in mammary epithelium during the periparturient period, but also in the supporting stroma. Mammary stroma contains adipocytes, fibroblasts, immune and nerve cells, and vascular endothelium. Changes in mammary that occurred during the experimental time course likely included increased blood flow through endothelium, fibroblast proliferation and activation, and mobilization of fat stores from adipocytes to support milk fat synthesis [69] [70] [71] [72] [73] . Thus, changes observed in mammary clocks in vivo may also be attributed to changes in stromal tissue. However and importantly, our in vitro studies with HC11 cells support that lactogen-induced epithelial differentiation is strongly associated with stoichiometric changes in mammary clock regulators, because changes in core clock protein abundance were evident following 72 h of DIP treatment and were similar to periparturient changes measured in vivo. In interpreting these data, it is also important to point out that differentiation of . RNA was isolated, and relative mRNA abundance of Arntl (B), Clock (C), Per1 (D), Per2 (E), and Cry1 (F) was measured with q-PCR using 18S as reference. Expression was normalized to mean delta CT across all time points of transient DIP-treated cultures. Values are mean 6 SEM; two-way ANOVA was used to determine the effects of time (P , 0.0001 for all genes) and treatment (P , 0.001 for all genes) on relative gene expression levels. DF ¼ 1 for treatment; DF ¼ 11 for time. [74] , including secretory activation, nor does it reflect the physiology of suckling maintenance of milk production. Despite these limitations we were able to ask questions using this system to develop a hypothesis on how changes in development (differentiation of mammary epithelial cells) and environment (suckling-induced cues) affect mammary clock mechanism (Fig. 10) .
HC11 cells does not fully reflect in vivo differentiation
In particular, we propose that differentiation-driven changes in mammary clock regulatory protein stoichiometry are stimulated in part by periparturient changes in prolactin and glucocorticoids and their respective receptors (Fig. 10) . This hypothesis is supported by preliminary bioinformatic analysis of Arntl promoter region that revealed the presence of cisregulatory sequences that STAT transcription factors bind. STAT5 transcription factors are activated when prolactin binds cell surface receptors. Activated STAT5 factors regulate expression of genes that drive mammary development and differentiation during pregnancy and milk production during lactation. Recently, others found STAT5 binding of the ARNTL promoter is increased with the onset of pregnancy [75] , when the commitment to mammary differentiation is initiated. Further, we envision that differentiation-associated changes in stoichiometry result in increased stability of the CLOCK-ARNTL heterodimer, which may function to coordinate metabolic output of the mammary gland during lactation.
Importantly, the HC11 model of lactogen-induced mammary differentiation also revealed that changes in stoichiometry among negative and positive clock regulators were associated with more robust rhythms from the Arntl-luc reporter construct. Thus, these findings suggest that the attenuation of mammary clock genes' expression rhythms that occurred during the transition from late pregnancy to lactation was independent of changes in stoichiometry and driven by other mechanism(s). Once lactation is established, it is maintained by continued neonatal suckling. Neonatal suckling induces a neuroendocrine response that stimulates secretion of prolactin and glucocorticoids as well as oxytocin and culminates in emptying of the gland [65, 66] . Studies in lactating rabbits revealed timing the single bout of daily suckling that occurs in this species shifted PER1 expression in SCN clock and in peripheral clocks of the brain [76, 77] . Thus, we hypothesized that the mammary clock responds to suckling-induced cues (Fig. 10) . We found that manipulation of timing of pup removal from dam, which resulted in differences in plasma prolactin and corticosterone and the amount of milk accumulated in the gland at the time of tissue collection, had no effect on mammary core clock genes' amplitude. Others found Arntl expression rhythm was attenuated and amplitude of Per2 decreased in lactating versus virgin mice. Together, these findings suggest that attenuation of mammary clock rhythms is a physiological response to 
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lactation and may be mediated by galactopoietic cues (cues that maintain milk production).
Thus, we propose that attenuated rhythms of core clock genes' expression in mammary are driven in part by sucklingstimulated and lactation-specific changes in circulating levels of galactagogues (Fig. 10) . Previous studies reported that on Lactation Day 2 dams spend approximately 40% of the time exhibiting crouching behavior, an indirect measurement of nursing in mice. The average length of each crouching episode was 40 min and occurred approximately 15 times within the 24-h period. Crouching episodes occurred intermittently throughout the day, although actigraph analysis showed significant 24-h and weak 12-h behavioral rhythmicity [78] . The prolactin-secretory response to nursing is superimposed by the endogenous circadian rhythm of prolactin secretion; thus, the suckling stimulus elevates prolactin levels more effectively at certain times of day when the circadian input enhances the suckling stimulus-evoked secretory response [79] . Therefore, we propose that attenuation core clock genes' circadian rhythms during lactation demonstrated in our study and previously reported by others reflect, in part, neonatal suckling behavior and prolactin secretion patterns in lactating mice. This hypothesis is further supported by our findings that prolactin induces phase shifts in HC11 Arntl-luc expression. Lactation also impacts circulating glucocorticoid levels, which are characterized as being elevated and rhythms attenuated [80] . Both Per1 and Per2 genes have glucocorticoid response elements in their promoters, and their transcription is regulated by glucocorticoid receptors binding these sites [81] . Continuous administration of synthetic glucocorticoids into mice resulted in constitutively increased Per1 mRNA levels in liver and skeletal muscle, and attenuated oscillation of Per2 and Arntl expression [82] . Comparison of the effects of transient versus continuous exposure of HC11 cells to DIP showed that fluctuations in hormonal milieu affected expression of all clock genes measured. Expression amplitude of Per1, Per2, and Cry1   FIG. 10 . Proposed model for the mechanisms of periparturient changes in mammary clock. We propose that periparturient changes in development (A; differentiation of mammary epithelial cells) and environment (B; suckling-induced cues) induce changes in clock regulator protein abundance and attenuate core clock genes' expression rhythms, respectively. During the transition from late pregnancy to early lactation the mammary gland undergoes terminal differentiation and secretory activation, and suckling is established by neonates. Dramatic changes in circulating levels of hormones, including a drop in progesterone and increased glucocorticoid (Gc) and prolactin (Prl) levels, along with concomitant changes in respective receptors (GR indicates Gc receptor; orange ''Y'', prolactin receptor), stimulate terminal differentiation of mammary cells. Hormonally induced mammary differentiation is accompanied by changes in clock regulatory proteins; decreased abundance of the negative regulator, PER2, and increased expression of the positive regulators, ARNTL-CLOCK, are illustrated by the relative changes in the sizes of symbols (A). We envision that differentiation-associated changes in stoichiometry result in increased stability of the CLOCK-ARNTL heterodimer, which may function to coordinate metabolic output of the mammary gland to better meet the suckling demands of neonates. Further, we propose that attenuation of mammary core clock genes' expression rhythms represents a physiological adaptation to suckling-induced cues, including secretion of prolactin and glucocorticoids (B). These adaptations in mammary clock are needed to support the demands of neonates such that milk production is less time-dependent and more responsive to the suckling needs of pups.
was diminished in cultures continuously exposed to DIP. Further, continuous exposure to DIP was also associated with ultradian patterns of Per1 and Per2 expression. Treatment of HC11 cells with dexamethasone alone resulted in a moderate increase in amplitude and lengthening of period of Arntl-luc reporter expression. Thus, attenuation of mammary core clock genes' rhythms during lactation may be partly due to the sustained high levels and attenuated rhythms of corticosterone secretion that result from lactation-specific alterations in dam hypothalamo-pituitary-adrenal axis [83] [84] [85] and sucklinginduced release.
Synthesis of milk components in the mammary gland is regulated by hormones and substrate availability, with plasma levels of both exhibiting circadian variations during lactation (Figs. 1 and 5 ) [8, [85] [86] [87] . To gain insight into the direct and/or indirect effects of molecular clocks on milk composition, temporal expression patterns of Srebf1, Acaca, Fasn, Csn2, and Lalba, were measured. Sterol regulatory element-binding protein-1 (Srebf1) plays a central role in transcriptional regulation of genes that control lipid synthesis in liver and mammary. The activity of SREBF1 is regulated in part at the transcriptional level. In the liver, expression of Srebf1 is upregulated by carbohydrate feeding, insulin, and glucose, and thus Srebf1 mRNA levels exhibit daily rhythms, with a peak during the feeding period (i.e., the dark period in the liver of nocturnal mice) [88] [89] [90] . Although we did not measure feed intake in our study, previous studies demonstrated that rodent dams are hyperphagic during lactation. Eating behavior becomes biphasic during lactation, occurring in both dark and light phases, with consumption primarily increased during the light phase [91] . The two peaks of circulating triglycerides, the first during the light and second during the dark phase, support this eating pattern in lactating dams in our study (Fig.  5) ; however, hepatic Srebf1 expression rhythm did not correlate with plasma triglycerides or glucose levels. Recent studies suggest that Srebf1 expression is also regulated by the molecular clock in the liver [92] and may play a key role in integrating circadian and nutritional cues to regulate hepatic transcriptome rhythms [93] . Interestingly, we found that Srebf1 expression in lactating mammary showed 12-h periodicity, with phases similar among plasma triglycerides and mammary Srebf1 and Arntl expression. Additional studies will need to be done to determine whether a regulatory link exists among these factors. A recent study conducted by others supports that this link exists, as investigators showed that restricting feeding times in rodents caused shifts in mammary clocks and circadian variations of milk fat synthesis [94] .
Alpha-lactalbumin (LALBA), together with b1,4 galactosyltransferase, forms lactose synthase, the enzyme that catalyzes condensation of galactose and glucose for lactose synthesis. Previous studies demonstrated that the rate of lactose synthesis shows circadian rhythms [95] , and these rhythms were out of phase with lipogenic rhythms in the mammary gland [96] . Thus, not surprisingly, expression of Lalba and Fasn, which encodes fatty acid synthase, exhibited circadian rhythms out of phase with each other in the mammary from lactating dams (Fig. 5) . Both lactose synthesis and lipid synthesis in mammary have glucose as the common precursor, and the rates of both processes were found to correlate with variations in food intake [97] . In our study we found that Lalba synthesis pattern corresponded with temporal variations in plasma glucose concentration. Whether the mammary clock had direct or indirect effects on timing of Lalba or Fasn transcriptional regulation needs further investigation.
What may be the biological significance of suppression of the mammary clock gene expression rhythms during lactation?
We believe that greater flexibility of resetting the mammary clock is needed to ensure optimal metabolic response to neonates. Less stringent circadian control during lactation will allow for higher plasticity in regulation of milk production, making it less time-dependent and more dependent on demands of neonates and availability of substrates.
Our data also likely represent a new example of a metabolic signal important for organ function uncoupling a peripheral clock from SCN-transmitted information on the light-dark cycle. Previously it was shown that liver can be uncoupled from the SCN by applying the restricted feeding paradigm [98] . Here we present an example of molecular clock of a metabolically active tissue that responds to a suckling-induced cue, prolactin secretion, by shifting phases. The physiological importance of mammary clock response to suckling-induced cues is to presumably induce expression of genes important for milk production that are controlled by the circadian clock.
The transition from pregnancy to lactation represents a major physiological change requiring coordinated changes in various body tissues on the one hand, and mammary-specific changes to support a dominant physiological process (production of milk) on the other. Changes in molecular clocks are coordinated among multiple tissues during the transition from pregnancy to lactation, as was evident in changes in mammary, liver, and SCN core clock genes' expression. The central clock functions to synchronize the timing of metabolic and reproductive functions, and thus changes in the SCN during the transition in physiological states may function to mediate coordinated changes in tissue-specific metabolism needed to support lactation. Amplitude of hepatic expression of core clock genes' rhythms all increased during the transition from pregnancy to lactation, likely reflecting the increase in liver metabolic output. However, with the onset of lactation there was an attenuation of core circadian clock genes' expression in the mammary gland and stoichiometric changes among positive (ARNTL-CLOCK) and negative (PER2) clock regulators. We propose that stoichiometric changes in clock proteins are developmental-specific changes in mammary clock mechanism and are driven by differentiation-specific cues. However, attenuated circadian rhythms of core clock gene mRNA expression appear to be a physiological adaptation of the mammary gland to the state of lactation, as manipulation of timing of suckling resulting in differences in plasma prolactin and corticosterone had no effect on amplitude. The attenuation of circadian rhythms and overall increased abundance of CLOCK/ARNTL (potentially resulting in constant availability of functional CLOCK/ARNTL dimer) throughout the entire circadian cycle may enable the dam to meet neonatal suckling demands any time of day. In support of this hypothesis was our finding that prolactin, a suckling-induced hormone, functions as a resetting signal for the mammalian clock. Future studies will need to be done to understand how the mammary clock is regulated and the role it plays in lactation and mammary development and differentiation. In conclusion, our findings illustrate that tissue-specific changes occur in SCN, liver, and mammary molecular clock dynamics between late pregnancy and early lactation, and these changes likely reflect a mechanistic response to primary input cues during physiological state (e.g., energy balance, secretory activation, and suckling-induced hormones). These data broaden our view of the physiological significance of circadian regulation because they demonstrate that during certain physiological states it might be beneficial for peripheral clock to be independent from the central clock in the SCN, to ensure efficient response to local stimuli.
